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Conversion Factors
Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F =(1.8×°C)+32
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 °C).
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (µg/L).

Abstract
Heavy snow and early spring rainfall generated substantial amounts of runoff and flooding in the upper part of the Missouri River Basin in 2011. Spring runoff in the upper and middle parts of the basin exceeded the storage capacity of the Missouri River reservoirs and unprecedented amounts of water were released into the lower parts of the basin resulting in record floods from June through September on the Missouri River in Iowa and Nebraska and extending into Kansas and Missouri. Runoff from the Missouri River Basin in April through September 2011 was 8,440,000 hectare meters (68,400,000 acre feet) and was only exceeded during flooding in 1993 when runoff was 11,200,000 hectare meters (90,700,000 acre feet).
Nitrate and total phosphorus concentrations in the Missouri River and selected tributaries in April through September, 2011 generally were within the expected range of concentrations measured during the last 30 years. Substantial discharge from the upper and middle parts of the Missouri River Basin resulted in nitrate concentrations decreasing in the lower Missouri River beginning in June. Concentrations of nitrate in water entering the Mississippi River from the Missouri River were less in 2011 than in 1993, but total phosphorus concentrations entering the Mississippi River were substantially greater in 2011 than in 1993.
The Missouri River transported an estimated 79,600 megagrams of nitrate and 38,000 megagrams of total phosphorus to the Mississippi River from April through September 2011. The nitrate flux in 2011 was less than 20 percent of the combined total from the Upper Mississippi and Missouri River Basins. In contrast, the total phosphorus flux of 38,000 megagrams from the Missouri River constituted about 39 percent of the combined total from the Upper Mississippi and Missouri River Basins during April through September 2011.
Substantially more nitrate but less total phosphorus was transported from the Missouri River Basin during the historic 1993 than during the 2011 flood. Greater runoff from the lower part of the basin contributed to the greater nitrate transport in 1993. In addition to the differing amounts of runoff and the source of flood waters, changes in land use, and management practices are additional factors that may have contributed to the difference in nitrate and total phosphorus flux between the 1993 and 2011 floods.
Introduction
Snowmelt during the late winter and early spring and rainfall in spring and early summer resulted in runoff that produced high-flow and flooding conditions in the Missouri River Basin from April through September 2011, hereafter referred to as the "2011 flood." Floods reached record levels (Holmes and others, 2013) in May and June in many rivers and streams in the upper part of the basin. Water then discharged to the Missouri River and flowed into flood control reservoirs in the middle section of the basin. Reservoirs in the Dakotas rapidly filled requiring release of water downstream in record volumes (U.S. Army Corps of Engineers, 2012) . The runoff from the basin upstream from the reservoirs was the greatest amount observed since the reservoirs were constructed leading to the largest flooding along parts of the Missouri since the time the reservoirs were built. Record flooding occurred downstream from reservoirs in Iowa and Nebraska and extended into Kansas and Missouri. Because streamflow in many lower Missouri River Basin tributaries was at normal levels, the flood peak was attenuated by the time water reached the Mississippi River. April rainfall in the lower part of the Missouri River Basin was produced as part of the weather system that dropped heavy rain in the Upper Mississippi and Ohio Basins that resulted in major flooding in the lower Mississippi River (Vining and others, 2013; Holmes and others, 2013) . These early spring rains generated substantial amounts of streamflow but not record floods in the lower Missouri River.
Intense rains can produce substantial runoff that carries large quantities of dissolved and suspended material into nearby rivers and streams. The amount of dissolved and suspended material transported is dependent on its availability. Snowmelt also may produce runoff but may not transport as large a quantity of material because soils generally are still frozen. Soils that do not have vegetation and have been tilled for farming or altered for urban uses can contribute substantial amounts of dissolved nitrogen and total phosphorus (Brown and others, 2011a) . Runoff and overbank flow associated with high-flow and flooding conditions in the Missouri River basins had the potential to transport substantial amounts of nitrogen and phosphorus from April through September 2011.
Major floods in the Missouri River Basin generally have occurred in the spring as a result of snowmelt and or rainfall and during the summer as a result of intense widespread rains. A notable major spring flood occurred in 1952. Heavy accumulation of snow during the winter of 1951-52 in the Dakotas and eastern Montana resulted in major flooding in April of 1952 from the Dakotas to the mouth of the Missouri River (Wells, 1955) . The Missouri River flood plain was completely inundated from Sioux City, Iowa to the mouth of the Kansas River. Downstream from Kansas City, Missouri flood waters breached some levees and flooded farmland (Wells, 1955) . The maximum streamflow during this event was 11,200 m 3 /s (396,000 ft 3 /s) on April 18 at Omaha, Nebraska and 10,400 m 3 /s (368,000 ft 3 /s) on April 28 near the mouth of the Missouri River at Hermann, Mo.
The summer flood of 1993 was generated from intensive and persistent rains (Wahl and others, 1993 ) that fell in midJune to early August in the eastern Dakotas, Iowa, Nebraska, Kansas, and Missouri on already saturated soils. Runoff from North and South Dakota was attenuated by storage in the reservoirs. Downstream in Nebraska, Kansas, and Missouri, streamflow in both the Missouri River and its major tributaries peaked at annual flood probabilities that ranged from 1 to 2 percent (recurrence intervals that ranged from 50 to more than 100 years) (Parrett and others, 1993 /s) on July 31 near the mouth at Hermann, Mo. (Parrett and others, 1993; U.S. Geological Survey, 2012) .
Transport of nitrogen and phosphorus during flood conditions in the Missouri River Basin has not been extensively documented. Water quality samples were not collected in the Missouri River Basin during the 1951 and 1952 floods, but were collected during the 1993 flood. Results of the 1993 sampling were used by Goolsby and others (1993) to describe nitrate concentrations during flooding in the Missouri River at Hermann, Mo. Although transport of nutrients during flood conditions has not been extensively described, water quality during normal streamflow and high streamflow conditions has been more frequently documented. Yearly transport of several nitrogen and phosphorus species have been calculated since the 1980s for the Missouri River at Yankton, South Dakota; Omaha, Nebr.; and Hermann, Mo., and several large tributaries that include the Platte River in Nebraska, and the Grand and Osage Rivers in Missouri (Aulenbach and others, 2007) . Nutrient trends at several Missouri River Basin sites have been described by others (2006, 2011) . Battaglin and others (2010) indicated that transport of nitrate from the Missouri River in spring (April-June) decreased from an average of more than 20,000 Mg/month (megagrams per month) during 1980-1996 to about 11,000 Mg/month during 2002-06. Total phosphorus (TP) flux from the Missouri River averaged 3,860 Mg/month during spring from 1980-96 and 5,360 Mg/ month from 2001-05. A SPARROW model was developed (Brown and others, 2011a) to relate nutrient flux to sources and factors affecting transport in the Missouri River Basin. The water quality in the Yellowstone River (Miller and others, 2005) , South Platte River (Litke and Kimbrough, 1998) , and the Central Nebraska basins (Frenzel and others, 1998) , important tributaries of the Missouri River, were studied in the 1990s. Collection of water quality data from rivers is ongoing in Wyoming and Montana (Clark, 2012) , Iowa (Garrett, 2012) , and Missouri (Barr, 2012) .
An understanding of the magnitude and timing of nutrient transport in Missouri River basins is important to determine effect of climatic and land use factors on nutrient input into the Gulf of Mexico. An understanding of transport during floods may be particularly important because a large proportion of the nutrients transported in rivers and streams commonly occur during floods.
Purpose and Scope
The purpose of this report is to describe the concentration and loads of nitrogen and phosphorus in the Missouri River and selected tributaries from April through September 2011. Differences in the timing of flooding from the upper, middle, and lower parts of the basin are summarized and are used as the basis for discussion of the spatial and temporal differences in nitrate and total phosphorus concentrations. Input and loss of nitrogen and phosphorus downstream will be identified. Finally, concentrations and loads during the 2011 flood will be compared to those of the 1993 Missouri River flood.
Data on the two most prevalent nitrogen and phosphorus species in rivers and streams in the Missouri River Basin, nitrate plus nitrite nitrogen (hereafter referred to as nitrate) and total phosphorus (TP), that were collected in 2011 as part of U.S. Geological Survey (USGS) Federal projects and USGS cooperative water projects were used for analysis. Long-term data from a select group of sites on the main stem of the Missouri and several major tributaries are used in models to estimate monthly and yearly flux of nitrogen and phosphorus. These fluxes are used to document nutrient transport in the Missouri River during the 2011 flood conditions. Some long-term sites had data from the 1970s, but samples were not consistently collected at all these sites until 1980. Thus the period 1980-2010 was selected to ensure a consistent dataset at the long-term sites. Most available data were from the lower part of the Missouri River Basin, which limited the discussion of nutrient occurrence and transport in the upper and middle part of the basin.
Hydrologic Setting and Methodology
Study Area
Description of the Missouri River Basin
The Missouri River Basin is located in north central United States and is the largest tributary to the Mississippi River ( fig. 1 ). The Missouri River originates in Montana and flows more than 3,700 kilometers (km) to its confluence with the Mississippi River near St. Louis, Mo. The Missouri River Basin encompasses an area of 1,353,300 square kilometers (km 2 ) that comprises 43.1 percent of the entire MississippiAtchafalaya River Basin (MARB) but only contributes about 12 percent of the average annual streamflow discharged from the MARB (Aulenbach and others, 2007) . Major tributaries of the Missouri River include the Yellowstone River and its tributary, the Powder River, in Montana and Wyoming; the James, Big Sioux, and Cheyenne Rivers in the Dakotas; the Platte River in Colorado, Nebraska, and Wyoming; and the Kansas River in Kansas. Additional tributaries include the Little Sioux, Boyer, and Nishnabotna Rivers that drain western Iowa, the Grand River that drains parts of northern Missouri, and the Osage River that drains parts of central and western Missouri.
The hydrology of the Missouri River Basin has been altered for flood control, irrigation, and navigation resulting in highly regulated flow in parts of the basin. Pegg and Pierce (2002) divided the Missouri River Basin into three major hydrologic zones based on the type and degree of channel alteration ( fig. 1) . The zones include an upper zone that includes the uppermost of the six major main-stem Missouri River reservoirs, a middle zone with short free-flowing reaches between reservoirs, and a lower zone downstream from the main-stem reservoirs, which is entirely channelized except for the reach between Yankton, South Dakota and Sioux City, Iowa (Pegg and Pierce, 2002) . The upper part of the basin is about 147,600 km 2 (57,000 mi 2 ), which includes the Fort Peck Reservoir and many of the unchannelized headwaters streams of the Missouri River and the Yellowstone River and its tributaries including the Powder and Bighorn Rivers. The upper basin ends approximately to the Montana-North Dakota border. The middle part of the Missouri River Basin includes five major reservoirs (Garrison, Oahe, Big Bend, Fort Randall, and Gavins Point) on the main stem and extends from eastern Montana through North and South Dakota. The six reservoirs have the capacity to store more than 20,000 cubic hectare meters (hm 3 ) or 16,000,000 acre feet. The area of the upper and middle parts of the basin is 836,000 km 2 . The channelized lower part of the Missouri River Basin extends from Sioux City, Iowa to the mouth at St. Louis, Mo. and includes about 537,000 km 2 . Land use in the Missouri River Basin is diverse; ranging from extensively altered urban, to intensively cropped farmland, to open prairie, and to forested areas. Much of the upper part of the basin is undeveloped or is rangeland or shrubland (Sprague and others, 2006; Brown and others, 2011a) . Cropped areas used primarily for the production of wheat (Donner and others, 2004) are more prevalent in the northern part of the upper basin. Much of the middle part of the basin is grassland and forest. Corn and soybeans are grown in the area generally east of the Missouri River (Donner and others, 2004) . The lower part of the Missouri River Basin is much more intensively farmed than the upper and middle parts. Corn and soybeans are the primary crops in Iowa and in the Platte River Basin in Nebraska. A smaller proportion of the land in northern Missouri (Donner and others, 2004 ) is used to grow corn and soybeans. Wheat is the main crop grown in much of the Kansas River Basin.
Nutrient input into the Missouri River Basin corresponds with the cropping patterns. Nitrogen input from farm fertilizer is greatest in the corn and soybean producing areas in the middle part of the basin in Iowa and the lower part of the basin in Nebraska (Brown and others, 2011b; Donner and others, 2004) . Phosphorus application is more widespread in both corn and wheat producing areas of the basin (Brown and others, 2011b). Hydrologic modeling has identified larger stream channels as another substantial source of phosphorus (Brown and others, 2011a) . Point sources of nutrient input are centered in the major urban areas that include Denver, Colo., Omaha, Nebr., and Kansas City, Mo. Point source nutrient input from smaller cities and towns are most common in the Iowa and eastern Nebraska parts of the basin (Brown and others, 2011b) .
Hydrologic Conditions
Flood conditions in the Missouri River Basin during 2011 were generated by a combination of snowmelt and rainfall in the upper part of the basin from late winter through summer and by large amounts of rainfall in the lower part of the basin during spring. Daily mean discharge from the Missouri River Basin since the early 1950s, when the main-stem reservoirs were completed, averages more than 2,500 m 3 /s (U.S. Geological Survey, 2012). The daily mean discharge to the Mississippi River in 2011 (3,880 m 3 /s) was substantially greater than the average but was only about 73 percent of the maximum yearly daily mean discharge (5,300 m 3 /s) in 1993. Large amounts of snow in the mountains and plains of the upper Missouri River Basin and heavy rains in spring and summer resulted in substantially greater than normal runoff in the upper and middle parts of the basin in 2011. Streamflow in rivers and streams in Wyoming, Montana, and the Dakotas peaked at values that consistently ranked in the top 10 peak streamflow for the period of record at individual streamgages; with most being in the top 5 peak streamflow (Holmes and others, 2013) . Streamflow in the Powder River ( fig. 2A ) was typical of many rivers in the upper part of the basin. Streamflow in May was substantially greater than normal because of heavy rains at a time when the snow was beginning to melt in the mountain headwaters. Streamflow in the Powder River decreased through June and July but was still greater than normal. Runoff entering the Missouri River and the main-stem reservoirs was from two to three times normal beginning in late winter and extending through late summer (U.S. Army Corps of Engineers, 2012). Runoff upstream from Sioux City, Iowa during May through July was 5,770,000 hm (46,800,000 ac-ft, which is almost three times the storage capacity (2,010,000 hm or 16,300,000 ac-ft) of the six mainstem reservoirs (U.S. Army Corps of Engineers, 2012) .
In order to avoid uncontrolled releases from the reservoirs, unprecedented amounts of water were released from The predominant source of water flowing into the Mississippi River from the Missouri River changed from late winter through spring and summer. During late winter through May more than one-half the total discharge originated from the lower part of the Missouri River Basin (table 1) . In April and May, about 40 percent of the streamflow originated from about 18 percent of the basin downstream from St. Joseph. The maximum daily mean discharge of 7,760 m 3 /s (274,000 ft 3 /s) from the Missouri River at Hermann, Mo. in 2011 occurred on May 28 ( fig. 2C ). High flow on May 28 that partially resulted from rainfall runoff from the weather system that dropped large amounts in the lower Mississippi and Ohio River Basins (Vining and others, 2013) contributed to historic flooding on the lower Mississippi River (Holmes and others, 2013 (table 1) . During July when reservoir discharge peaked, 77 percent of the Missouri River streamflow originated upstream from Sioux City, Iowa. A disproportionately large part of the streamflow from the Missouri River Basin, measured at Hermann, Mo., (table 1) originated from the Iowa and Nebraska tributaries between Sioux City and Omaha, Nebr. during July, August, and September.
C. Missouri River at
Runoff from the entire Missouri River Basin in April through September 2011 was the second greatest during the last 30 years. Runoff during this period was 8,440,000 hm (68,400,000 ac-ft) and was only exceeded 11,200,000 hm (90,700,000 ac-ft) during high streamflow and flooding in 1993 (Southard, 1995) . Runoff from the upper and middle parts of the basin (measured at Sioux City, Iowa ) during water year 2011 was the greatest since the beginning of record in 1929 (Holmes and others, 2013) .
Data Selection
Water samples were collected by the USGS throughout the Missouri River Basin (U.S. Geological Survey, 2001). Data included in this report were selected based on the use of standardized collection and analytical methods, availability of monthly samples collected through the spring and summer of 2011, and the availability of long-term streamflow and water quality data. Data were selected from samples that were collected using methods that adequately represent the conditions in the river. River sites with a minimum of monthly data from April through September were selected (table 2) to document concentrations throughout the spring and summer high streamflow and flood conditions. A subset of 9 sites ( fig. 1 ) that had long-term water quality and continuous streamflow data previous to 1993 were selected to model nitrate and TP flux. Sites with data previous to 1993 were selected to allow comparison of transport in 2011 with transport during the 1993 flood on the Missouri River. Data collected from the Mississippi River at Thebes, Illinois were used to quantify the effect of the Missouri River nutrient transport on the Mississippi River.
Sampling and Analytical Methods
Representative samples were collected from flowing sections of rivers using isokinetic, depth-integrating equal-widthincrement (EWI) methods (U.S. Geological Survey, 2006). Water from the 10 or more vertical increments was composited for each sample. Because of safety and the difficulty in accessing flooded overbank areas, less than 10 verticals were occasionally sampled. Samples for nitrate analysis were filtered by pumping the composited water through a 0.45-micrometer (μm) pore-size disposable capsule filter (Wilde and others, 2004) and were preserved by acidifying to a pH less than 2.0 with sulfuric acid. Sample bottles for TP analysis were filled with unfiltered composited water (Wilde and others, 2004) . Samples were then chilled for shipment to the U.S. Geological Survey National Water Quality laboratory in Denver, Colorado. Nitrate and TP concentrations were analyzed using methods described by Fishman (1993) .
Data Analysis
The Wilcoxon rank-sum test (Helsel and Hirsch, 1992 ) was used to compare differences between nitrate and TP concentrations in samples collected during 2011 and those collected previously at the long-term sites ( fig. 1) . The Wilcoxon rank-sum test tests data from two independent groups and does not make assumptions on how the data are distributed. (Helsel and Hirsch, 1992) .
Daily nitrate and TP concentrations were estimated using two models (WRTDS and interpolation). Previously, concentration and flux estimates were modeled on selected Missouri River sites using the Load Estimator (LOADEST) regression model (Runkel and others, 2004; Aulenbach and others, 2007) . Recently, analysis has indicated that although the LOADEST model provides adequate flux estimates at many sites, estimates at a substantial number can be positively biased by 25 percent or more (Stenback and others, 2011) . One alternative model (WRTDS) that uses weighted regressions of concentrations on time, discharge, and season also was used to estimate nitrate and TP concentrations (Hirsch and others, 2010) at sites on tributaries to the Missouri River that had more than 20 years of periodic sampling data. Daily flux estimates were calculated using the daily estimated concentrations and the measured daily mean discharge.
The WRTDS model uses data over a period of years to estimate concentration on a particular day and because nitrate and TP concentrations during the 2011 flood were different (see discussion in the following sections) from previous high streamflow and flood periods, accuracy of model estimations may be less. Also, WRTDS estimates are dependent on a well-defined relation between constituent concentrations and streamflow. The relation between nitrate concentrations and streamflow in the Missouri River downstream from the large main-stem reservoirs is variable depending on the source of water in the river. Flow is regulated from the reservoirs to compensate for tributary inflow, decreasing when tributary inflow is great and increasing when inflow is small. Thus streamflow in the lower Missouri River may originate from different source areas with their associated differences in nitrate concentrations. Variable sources of water in the Missouri River at Omaha, Nebr. and downstream result in nitrate and TP concentrations that have little relation to streamflow.
The poor relation for nitrate and TP results in less accurate WRTDS estimates of concentration and flux when compared to observed concentrations and flux.
A second estimation model that does not rely on streamflow, the interpolation method, was used to estimate daily nitrate and TP concentrations in the Missouri River at sites at Omaha, Nebr.; St. Joseph, Mo., and Hermann, Mo. Sampled concentrations were linearly interpolated between samples through time to estimate daily concentrations. As with the WRTDS model, daily flux estimates were calculated using the daily estimated concentrations and the measured daily mean discharge. The interpolation model was used because streamflow and constituent concentration at the large Missouri River sites do not fluctuate as rapidly as in the smaller tributary sites.
Flux data from the LOADEST model are commonly used to estimate transport of nutrients in the Mississippi River Basin (Aulenbach and others, 2007) and, if available, are presented in this report for ready comparison to other reports describing flood transport in the lower Mississippi River. Unless otherwise stated, discussion of nitrate and TP flux in this report is based on the WRTDS and interpolation estimates.
Overall, the difference between the WRTDS modeled and observed daily concentration and flux was less than 10 percent (table 3) . Estimated concentration and flux that were in close agreement with the observed values were generated by the WRTDS model even when the concentration discharge relation was not linear at sites similar to that on the Nishnabotna River ( fig. 3A) . The difference in modeled nitrate concentration and flux compared to observed values was less than plus or minus 10 percent at five of seven sites. The difference in modeled total phosphorus concentration and flux was less than plus or minus 10 percent at all five sites where long-term data were available (table 3 ). An exception to the good agreement between modeled and observed nitrate concentration and flux was at the Powder River near Locate, Montana and at the Platte River at Louisville, Nebr.
The poor relation between nitrate concentrations and streamflow in the Powder River near Locate, Montana ( fig. 3B ) resulted in a WRTDS model concentration and flux estimate that was on average 15 or more percent greater than observed values. The Powder River watershed is an area characterized by low intensity land use that is mainly grassland, shrubland, and forests that contribute limited natural inputs of nitrogen from precipitation and mineralization of organic material (Sprague and others, 2007) . Detectable nitrate concentrations occur consistently only when streamflow exceeds 1 m 3 /s and are consistently in the range from 0.1 to 2.0 milligrams per liter (mg/L) irrespective of the streamflow when streamflow ranges from 1 to more than 100 m 3 /s ( fig. 3B) . A large number of samples from the Platte River at Louisville, Nebr. with nitrate concentrations less than the detection limit also resulted in greater than 10 percent error between observed and modeled nitrate concentrations and fluxes (table 3). Missouri River levee overflow near Brownsville, Missouri, July 2011 (photograph by U.S. Geological Survey). 
Occurrence of Nutrients in the Missouri River Basin, April through September 2011
Nitrate and TP concentrations in the Missouri River and selected tributaries in 2011 generally were within the range of concentrations measured during the last 30 years. Concentrations in the lower Missouri River decreased in June as the dominant source of water in the river changed from being higher-nutrient water from the lower part of the basin to lower nutrient water from the middle and upper part of the basin. Variability in concentrations was observed in different parts of the Missouri River Basin that may be attributed to timing of flood flows and land use practices. Substantial differences in the timing and concentrations in 2011 were seen in relation to those in 1993 when regional flooding also occurred. 
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Platte Rive r The greatest average nitrate concentrations during April through September 2011 were observed in Missouri River tributaries that drained agricultural areas in Iowa and Nebraska. Average concentrations of more than 5.0 mg/L occurred in the Little Sioux, Boyer, and Nishnabotna Rivers that drain parts of western Iowa and were more than 1.0 mg/L in the Platte River that drains much of Nebraska. Average nitrate concentrations were more than 1.0 mg/L at sites in the South Platte River in Colorado that drain urban and agricultural areas. Average nitrate concentrations in 2011 were more than 2.5 mg/L at a site on Elkhorn River and a site on Salt Creek; two streams that drain agricultural areas in eastern Nebraska. Nitrate concentrations in the Iowa and Nebraska agricultural streams in 2011 were not significantly different (P<0.05) than average concentrations during the 1980-2010 period (table 4).
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In the lower part of the Missouri River Basin, average nitrate concentrations were generally less than in the intensively farmed areas of Iowa and Nebraska. With a couple exceptions, average nitrate concentrations were less than 1.0 mg/L (fig. 4) . Indian Creek in urban Kansas City that contributed less than 1.0 m 3 /s to the Missouri River had an average nitrate concentration of 3.9 mg/L ( fig. 4, table 2) .
Although flood conditions prevailed and much of the water in the Missouri River originated from the upper and middle parts of the basin during a large part of the April through September period, nitrate concentrations in the main stem of the Missouri River also reflected tributary concentrations in the lower basin. Average nitrate concentrations in the Missouri River decreased slightly as flow moved downstream from Omaha, Nebr. to Hermann, Mo. Inflow of water from the Platte River (average 1.0 mg/L), Grand River (average of 0.67 mg/L), the Gasconade River (average of 0.36 mg/L) and tributaries with low average nitrate concentrations (table 2) 
Temporal Variability in Nitrate Concentrations
Nitrate concentrations varied through the spring and summer in the Missouri River in relation to snowmelt and rainfall in the upper part of the basin and varied in relation to the major source of water in the lower part of the basin. A combination of snowmelt and heavy rains caused substantial increase in the streamflow in the Powder River in May. A sample collected from early June as the streamflow was decreasing contained 0.23 mg/L nitrate (fig. 4) . This was an increase from the sample collected before the May flood. Nitrate concentrations decreased to less than the minimum reporting level of 0.008 mg/L for the remainder of the summer.
Nitrate concentrations typically were greater than 2.0 mg/L in the Missouri River at Omaha, Nebr. downstream from the main-stem reservoirs in late winter and early spring when from 25 to 40 percent of the water originated from inflow downstream from St. Joseph, Mo. (table 1) . Concentrations then decreased to less than 1.0 mg/L ( fig. 4) as streamflow increased in July when 70 percent or more of the water (table 1) in the Missouri River originated from the upper and middle parts of the Missouri River Basin. Nitrate concentrations continued to decrease during the remainder of the summer as most of the water in the Missouri River continued to originate from discharge from major flood control reservoirs in the Dakotas and Montana upstream from Sioux City, Iowa (table 1) .
Phosphorus
Total phosphorus concentrations were variable across the Missouri River Basin and unlike average nitrate concentrations whose smallest concentrations were in the upper part of the basin, the smallest average TP concentrations were in small streams in the lower part of the basin during 2011.
Spatial Variability in Total Phosphorus Concentrations
Flood waters that entered the Missouri River main-stem reservoirs in 2011 from the upper part of the basin had TP concentrations that were typical of those measured during the last 30 years. For example, the average TP in the Powder River during the flood period was 0.47 mg/L, which was less than the average for the 1980-2010 period (table 4) . However, the median concentrations (table 4) for these two time periods were nearly the same indicating that throughout the last 30 years TP concentrations were more variable than in 2011 but that on average there was no significant difference. The range in April through September 2011 TP average concentration at other upper and middle Missouri River sites (0.12 to 0.96 mg/L) bracketed that from the Powder River (table 2) .
In the lower Missouri River Basin, average TP concentrations in the Iowa and Nebraska agricultural rivers (sites 12, 15, and 16) generally were more than 0.5 mg/L and exceeded 1.0 mg/L in three small (average streamflow less than 1.0 m 3 /s) urban streams during the flood (table 2) . The average TP concentration was 1.12 mg/L in Salt Creek (site 13) downstream from Lincoln, Nebr., 1.07 mg/L in Indian Creek (site 18) in Kansas City, Mo., and 1.06 mg/L in Spring Branch Creek (site 23) in Independence, Mo. The smallest average TP concentrations (0.10 mg/L or less) were measured in the more heavily forested Osage River Basin (sites 37-39) in southern and central Missouri (table 2) . A number of other small Missouri streams had average TP concentrations that were slightly greater, in the 0.10-0.25 mg/L range ( fig. 5) .
Inflow from the tributaries did not substantially change the average TP in the main stem of the Missouri River downstream from the major reservoirs in 2011. Average concentrations increased slightly from 0.39 mg/L at Omaha, Nebr. to 0.45 mg/L at Hermann, Mo., however this was not a significant (P>0.05) increase. The average TP concentrations in the Platte (0.68 mg/L) and Nishnabotna Rivers (0.84 mg/L) that drain agricultural areas in Iowa and Nebraska were greater than the average concentration in the Missouri River at Omaha, but average concentrations were less than in large tributaries that drain less intensively farmed areas in Missouri (site 33 on the Grand River (0.43 mg/L) and site 42 on the Gasconade River (0.03 mg/L).
Temporal Variability in Total Phosphorus Concentrations
In contrast to nitrate, TP concentrations from April through September 2011 in the Powder River near Locate, Mont. were not significantly (P>0.05) different than those measured during the last 30 years. TP concentrations increased during periods of increased streamflow and were from about 0.90 to 1.2 mg/L during May and early June ( fig. 5 ). Concentrations decreased to 0.02 mg/L as streamflow decreased through the remainder of the water year.
TP concentrations varied temporally but the temporal trend was not uniform throughout the Missouri River Basin. TP concentrations in the Powder River in the upper part of the basin increased with increasing streamflow whereas concentrations in the main stem of the Missouri River in the lower part of the basin generally decreased as streamflow increased during the summer. TP concentrations in the Powder River were 0.91 and 1.18 mg/L during two runoff events in May and June. Sampled concentrations decreased as streamflow decreased the next 3 months to 0.03 mg/L in September. In contrast, TP concentrations in the main stem of the Missouri River downstream from the reservoirs at Omaha, Nebr. and Hermann, Mo. decreased to less than 0.5 mg/L during flooding and high streamflow conditions in June through August. During the high streamflow and flooding when much of the water (70 to 77 percent) in the Missouri River at Omaha and Hermann originated from the upper and middle parts of the basin, TP concentrations were relatively stable; generally varying by less than 0.1 mg/L (fig. 5 ). 
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In addition, from 48,000 (LOADEST) to about 38,000 (WRTDS) Mg of phosphorus were estimated to have entered the Mississippi River during this period (table 5) . Input from the Missouri River was a major source of phosphorus to the lower Mississippi as more than 39 percent of that transported from April through September 2011 in the Mississippi River at Thebes originated from the Missouri River Basin. Phosphorus transport peaked 1 month later than nitrate in July, when about 11,200 Mg (LOADEST) to 8,340 Mg (interpolated) entered the Mississippi River (table 6) . Peak monthly phosphorus transport corresponded to peak monthly average stream streamflow in the Missouri River at Hermann, Mo.
Runoff from the Missouri River from April through September 2011 was the second greatest since 1980, but the nitrate flux (79,600 Mg) was substantially less than during the 1993 flood (165,000 Mg). This may be partially due to the increased amount of water in the Missouri River that originated from the middle and upper parts of the basin that have less intensive agriculture and urban areas than the lower basin that was a greater source of water in 1993. Transport of TP from the Missouri River Basin during the 2011 flood (37,900 Mg) exceeded that in the 1993 flood (24,000 Mg).
Temporal Change in Flux to the Mississippi River
Nitrate and TP transport to the Mississippi River from the Missouri River during the flood increased monthly from April through midsummer before decreasing in September. The nitrate flux in the Missouri River at Hermann Mo. increased from an estimated 16,200 Mg in April to about 20,000 Mg in June before decreasing through the remainder of the summer to about 3,900 Mg in September (table 6) . Although the flux decreased from June through the remainder of the summer, the proportion of nitrate in the Mississippi River at Thebes, Ill. originating from the Missouri River remained relatively constant at 17 to about 19 percent as streamflow in both the Missouri and Mississippi Rivers decreased. The estimated monthly TP flux transported from the Missouri River Basin ranged from about 5,700 Mg in April to about 8,340 Mg in July during the middle of the summer. The TP flux then decreased to about 4,200 Mg in September as streamflow receded (table 6). In contrast to the relatively small proportion of nitrate originating from the Missouri River Basin during the flood, a large proportion (from about 25 to more than 70 percent) of the monthly TP transported in the Mississippi River at Thebes, Ill. originated from the Missouri River Basin.
Spatial Variability in Flux
The Missouri River Basin is a large and hydrologically diverse basin and thus not all areas contribute nutrients equally at all times. Much of the nitrate in the Missouri River originated upstream from Omaha, Nebr. in April preceding the flood, through June, July, and August during the flooding caused by release from the reservoirs, and into September when reservoir releases were reduced. Sufficient data were not available to readily identify the sources of nitrate in the upper and middle sections of the Missouri River, but data from a tributary (Powder River in Montana) indicate that the greatest nitrate flux occurred during May and June when streamflow was the greatest (table 6).
The nutrient flux likely attenuated as water flowed through the major Missouri River main-stem reservoirs in the middle part of the basin. A mass balance model estimated that just two of the reservoirs, Lake Oahe and Lake Sakakawea, normally retain approximately 18 percent of the total nitrogen and 24 percent of the TP that would have been transported to the Mississippi River (Brown and others, 2011a) . The retention of nutrients during the flood is unclear because the amount of water moving through the reservoirs was much greater than normal, resulting in decreased residence time of the water and decreased nutrient storage time. Although the rate is not known, some nutrients were probably retained in the main-stem reservoirs. A combination of low nitrate concentrations in water flowing into reservoirs and reservoir retention can result in low-levels of nitrate and TP in the Missouri River flowing into the lower part of the basin.
The overall contribution of nitrate from the individual parts (subbasins) in the Missouri River Basin was generally proportional to the subbasin area. The 61.8 percent of the Missouri River Basin upstream from Omaha, Nebr. contributed about 61.2 percent of the nitrate flux during the flood (table 7) . However a disproportionate flux of nitrate originated downstream from the main-stem reservoirs from agricultural areas in western Iowa and eastern Nebraska (represented by the Boyer and Little Sioux Rivers, sites 6 and 7). Although the total area for the two river basins is less than 1 percent of the Missouri River Basin drainage area, 17.7 percent of the nitrate transported in the Missouri River originated in the Boyer and Little Sioux River Basins (table 6 ). An estimated 38.8 percent of the nitrate originated from the lower part of the Missouri River Basin downstream from Omaha, Nebr. during the flood (table 7) .
During the Missouri River flood of 2011, nearly as much TP originated from the 517,000 km 2 lower part of the Missouri River Basin downstream from Omaha, Nebr. as originated from the 836,000 km 2 upper and middle parts of the Missouri River Basin upstream from Omaha, Nebr. (table 7) . About 49 percent of the total phosphorus transported to the Mississippi River during the 2011 flood originated from the lower part of the Missouri River Basin. However, a disproportionately large total phosphorus flux (31.7 percent of the TP from 18.4 percent of the basin) originated in the basin downstream from St. Joseph, Mo.
Discussion
Runoff of more than 8,440,000 hm (68,400,000 ac-ft) from the Missouri River Basin resulted in substantial flooding in part of the basin from April through September 2011. Based on flux estimates from models, the runoff transported an estimated 79,600 to 86,800 Mg of nitrate and 37,900 to 47,500 Mg of TP that originated from areas of the basin contributing the largest proportion of the water. During May and June 2011, nitrate transported from the Missouri River Basin, measured at Hermann, Mo., accounted for less than 20 percent (table 5) and TP transported from the Missouri River Basins accounted for between a quarter and a third of these nutrients transported from the upper Mississippi River Basin during the peak flooding in the lower Mississippi River Basin. (Holmes and others, 2013) .
During the high streamflow and flooding on the Missouri River from April through August, the Missouri River contributed from about 8,500 to 20,000 Mg of nitrate per month (table 6) to the Mississippi River. In contrast to the relatively small contribution of nitrate to the Mississippi River, the Missouri River contributed from 35 to 73 percent of the monthly TP being transported from the upper Mississippi River. An estimated (LOADEST) monthly TP flux from the Missouri River ranged from about 5,290 Mg in April to about 11,200 Mg in July during the middle of the flood period on the lower Missouri River. The TP flux then decreased during August and September as flood conditions receded. As with nitrate, the maximum TP flux from the Missouri River Basin occurred after peak flooding (Holmes and others, 2013) on the lower Mississippi River.
Source of Nutrients during the Missouri River Flood in 2011
The Missouri River Basin is large with a diversity of climatic conditions and land use that affect the availability and transport of nutrients to the Missouri River. This diversity was evident in April through September 2011 when areas in the lower part of the basin received greater than normal rainfall and had a large percentage of developed land contributing disproportionately more nitrate and TP to the Missouri River (table 7) . Agricultural and urban areas were important sources of nitrate, but row-crop areas in Iowa and Nebraska appeared to be the source of greater amounts of nitrate than the agricultural areas used to grow wheat in the Dakotas and Montana (table 7) . Less developed areas of shrubland and forests, mainly in the upper and middle parts of the basin, with heavy rainfall that contributed much of the flood water during June through August contributed proportionally less of the nitrate and TP that was transported to the Mississippi River. Areas that contributed substantial nitrate and TP to the Missouri River flood flow were similar to those previously predicted as important source areas using a Missouri River Basin model (Brown and others, 2011a) .
Occurrence and Transport in 2011 in Relation to 1993
Major regional flooding in the Missouri River Basin is rarely the result of precipitation throughout the basin, but because of its size major regional flooding is generally the result of much greater than normal snowfall or rainfall or both in parts of the basin. Snowmelt and rainfall runoff in Wyoming, Montana, and the Dakotas in the upper and middle parts of the basin (table 1) generated flooding on the Missouri River in 2011. In contrast, rainfall runoff in the lower part of the basin in Kansas, Missouri, and parts of Iowa and Nebraska (table 1) was the major source of flood water in 1993.
As would be expected, the concentrations and flux of nutrients differ between flood events because of differences in land use in the areas contributing most of the discharge to the Missouri River. Large amounts of dissolved and particulate nutrients were transported during both the 1993 and 2011 Missouri River floods but substantial differences were determined in nitrate and total phosphorus concentrations and flux. In 1993, most of the flow leaving the Missouri River Basin originated from the lower part of the basin (table 1) , an area with potentially greater availability of nitrogen because of more row crop agriculture and urban areas than in the upper and middle parts of the basin. In 2011, streamflow was less than in 1993 but rather than originating in the lower part of the basin, most streamflow originated from the upper and middle parts of the basins. The less developed upper and middle parts of the basin with larger prairie and forested areas and less intensively cropped agricultural areas may have a limited availability of nitrogen for transport to rivers and streams.
Concentrations of nitrate in water entering the Mississippi River from the Missouri River were less in 2011 than in 1993. Nitrate concentrations in the Missouri River at Hermann, Mo. were consistently within the range of 1.2 to 1.4 mg/L during peak flooding in July and August 1993 but decreased from 1.2 mg/L in early July to less than 0.5 mg/L at the end of August in 2011 ( fig. 6 ) . Morris and others (2013) also found that nitrate concentrations in the Missouri River at Hermann, Mo. in 2011 were less than in 2010 when much of the water originated from the lower part of the basin. In contrast, total phosphorus concentrations entering the Mississippi River were substantially greater in 2011 than in 1993. Total phosphorus concentrations ranged from 0.14 to 0.22 mg/L in the Missouri River at Hermann, Mo. in 1993 and were 0.37 to 0.48 mg/L in July and August 2011 ( fig. 6 ). These results are in contrast to Morris and others (2013) findings that total phosphorus concentrations in the Missouri River at Hermann, Mo. were greater when most of the water originated from the lower part of the Missouri River Basin.
A combination of greater streamflow and concentrations resulted in the transport of substantially more nitrate from the Missouri River Basin to the Mississippi River in 1993 than in 2011. The April through September nitrate flux (165,000 Mg) in 1993 during record streamflow was 84,400 Mg more than the 2011 flux (79,600 Mg) (table 5) when the second greatest streamflow occurred. In 1993, most of the streamflow leaving the Missouri River Basin originated from the lower part of the basin (table 1) , an area with potentially greater availability of nitrogen because of more row crop agriculture and urban areas than in the upper and middle parts of the basin. In 2011, streamflow was less than in 1993, but rather than originating in the lower part of the basin, most streamflow during April through September 2011 originated from the upper and middle parts of the basin. The less developed upper and middle parts of the basin with larger prairie and forested areas and less intensively cropped agricultural areas may have a limited availability of nitrogen for transport to rivers and streams. In addition, a small part of the nitrogen transported in the Missouri River may be retained or degraded (Brown and others, 2011a) in the major reservoirs in the middle part of the basin. (table 5) . Phosphorus is naturally occurring in the soils and rocks in the upper parts of the Missouri River Basin and are eroded and transported by streams to the Missouri River. The 1980 to 2010 average TP concentration (1.32 mg/L) at a site on the Powder River in the upper Missouri River Basin was greater than all but one other long-term sites (table 4) . Water chemistry data were not available to adequately evaluate TP transport from the upper and middle parts of the Missouri River Basin, but a model developed by Brown and others (2011a) suggest that the main-stem reservoirs retain a large part of the TP that originates from the upper and middle parts of the Missouri River Basin.
Although differing amounts of runoff and a differing source of flood waters contributed to the difference in nitrate and TP transport from the Missouri River Basin between the 1993 and 2011 floods, changes in land use and management practices also may be a contributing factor. Overall concentrations of nitrate in the Missouri River at Hermann, Mo. 
Summary
Heavy snow and early spring rainfall generated substantial amounts of runoff and flooding in the upper part of the Missouri River Basin in 2011. Spring runoff in the upper and middle parts of the basin exceeded the storage capacity of the Missouri River reservoirs and unprecedented amounts of water were released into the lower part of the basin resulting in record floods from June through September on the Missouri River from Gavins Point Dam downstream in Iowa and Nebraska and extended into Kansas and Missouri. Runoff from the Missouri River Basin in April through September 2011 was 8,440,000 hectare meters (68,400,000 acre feet) and was only exceeded during flooding in 1993 when runoff was 11,200,000 hectare meters (90,700,000 acre feet).
Nitrate and total phosphorus concentrations in the Missouri River and selected tributaries in April through September, 2011 generally were within the range of concentrations observed during the last 30 years. Substantial discharge from the upper and middle parts of the Missouri River Basin resulted in nitrate concentrations decreasing in the lower Missouri River beginning in June. Concentrations of nitrate in water entering the Mississippi River from the Missouri River were less in 2011 than during previous flooding in 1993, but total phosphorus concentrations entering the Mississippi River were substantially greater in 2011 than in 1993.
Substantially more nitrate but less total phosphorus was transported from the Missouri River Basin during the historic 1993 than during the 2011 flood. Greater runoff from the lower part of the basin contributed to the greater nitrate transport in 1993. In addition to the differing amounts of runoff and the source of flood waters, changes in land use and management practices are additional factors that may have contributed to the difference in nitrate and total phosphorus flux between the 1993 and 2011 floods.
Floodwater flowing through a break in the levee near Percival, Iowa, August 2011 (photograph by U.S. Geological Survey).
